The processes underlying dynamic changes in human behavior during real situations contain much irrelevant information and represent a key issue facing neuroscientists. Although the roles played by the frontal cortex in this switching behavior have been well documented, little is known regarding how neural pathways governing sensorimotor associations accomplish such a switch. We addressed this question by recording activities of middle temporal (MT) neurons in monkeys switching between direction versus depth discrimination tasks. Although the monkeys successfully switched between the tasks, neural sensitivity did not change as a function of task. More importantly, neurons that signaled the same motor output showed trial-to-trial covariation between neuronal responses and perceptual judgments during both tasks, whereas neurons that signaled the opposite motor output showed no covariation in either task. These results suggest that task switching is accomplished via communication from distinct populations of neurons when sensorimotor associations switch within a short time period.
INTRODUCTION
The approach of humans to daily decision-making is characterized by great flexibility insofar as behavior can be modified according to the demands of particular situations. For example, when the word ''blue'' is written in red ink, separate responses to the color and the meaning of the word can be activated. Thus, humans are capable of producing different actions in response to identical sensory signals. Recent physiological studies using task switching paradigms have identified neuronal activities in the prefrontal cortex (PFC) related to this kind of flexibility. Rule-selective neurons and task-dependent modulation of neural activity have been identified in the PFC (Asaad et al., 2000; Wallis et al., 2001; White and Wise, 1999) . However, these studies did not examine where and how neural pathways for sensorimotor associations switch to accomplish behavioral change.
Our primary goal was to determine where and how identical sensory signals are converted into distinct motor signals. We investigated the possibility that neuronal activity in sensory cortices changes when the task rule is switched (Treue and Martinez Trujillo, 1999) . Indeed, several recent studies have shown that the responses of sensory neurons in area V4 (Mirabella et al., 2007) and in the inferior temporal cortex (IT) (Koida and Komatsu, 2007) change according to task demands. However, the process through which these changes in neuronal activity translate into behavioral change is poorly understood. We also investigated the possibility that areas related to decision-making communicate information from different neuronal populations by changing the weights of inputs (Freedman and Assad, 2006; Freedman et al., 2001) .
We addressed these questions by examining the responses of middle temporal (MT) neurons and the associations between MT neurons and downstream functions in monkeys. We examined how neuronal activity changed as the monkeys provided a direction or depth discrimination response to the same stimulus. This design was based on extant documentation that the MT area is critically involved in both direction (Britten et al., , 1996 Salzman et al., 1992) and depth (DeAngelis et al., 1998; DeAngelis, 2003, 2004 ) discrimination when these tasks are performed in isolation. Thus, the MT area may also play an important role in switching between these functions. However, the fundamental question of how the brain switches among hybrid information within the MT remains unsolved.
In this present study, two monkeys were trained to perform two tasks, and then switch tasks between trials ( Figure 1A ). In each trial, a moving random dot stereogram appeared in the receptive field of the MT neurons. The monkeys responded with a saccadic eye movement to one of two choice targets. When the fixation point color was magenta, the monkeys were required to indicate whether the dots moved up or down; when the color was cyan, the monkeys were required to indicate whether the dots were nearer or farther away than the plane of fixation. Our results showed that neural activity in the MT area did not reflect behavioral switching. The contribution of MT neurons to behavioral choice (i.e., the readout from the MT area), however, was modulated by task demand. Our findings indicate that task switching was accomplished by communication from distinct populations of MT neurons.
RESULTS
Two monkeys were trained to discriminate either motion direction or stereoscopic depth in a moving random dot stereogram. In the direction discrimination task, the monkeys reported directions of motion having an upward component with an upward saccade, and directions having a downward component with a downward saccade. In the depth discrimination task, the monkeys indicated far disparities with an upward saccade, and near disparities with a downward saccade. The difficulty of each task was titrated by varying motion coherence and binocular correlation of the stimulus (see Experimental Procedures). In a given trial, the color of the fixation point specified which feature of the subsequent stimulus required discrimination ( Figure 1A ). If the monkeys could switch perfectly between the two dimensions and completely ignore the irrelevant stimulus dimension, no interference between the two dimensions would occur.
We first analyzed behavioral data to confirm that the monkeys did indeed switch between the direction versus depth discrimination tasks. Figure 1B shows psychometric functions from all (excluding seven described below) experimental sessions separately for the two monkeys (example psychometric functions from one recording session are shown in Figure 2A ). The left plot shows the proportion of upward saccades as a function of motion coherence at each binocular correlation when the monkey indicated the direction of motion. The monkeys clearly discriminated motion direction at each binocular correlation, as evidenced by the fact that all curves were sigmoid. The curves, however, were slightly shifted horizontally depending on the strength of the irrelevant stimulus dimension: when the stimulus was near, performances were biased toward downward decisions (blue lines); when the stimulus was far, performances were biased toward upward decisions (red lines). The right plot in Figure 1B shows confirmation of the same points using data derived from the depth discrimination task. These findings were confirmed via logistic regression (see Experimental Procedures). The logistic regression model (Equation 1) included four b: b 0 to account for offset, b to account for the sensitivity of the relevant stimulus dimension (b 1 during direction discrimination (A) Sequence of events. After the monkeys fixated, the stimulus was presented on the screen for 500 ms, and then two choice targets appeared above and below the fixation point. In each trial, the color of the fixation point (magenta or cyan) indicated whether the monkey was to discriminate direction (UP or DOWN) or depth (FAR or NEAR) using saccadic eye movements (upward or downward, respectively). Four combinations of directions and disparities were used in the task switching paradigm: ''UP/FAR,'' ''DOWN/NEAR,'' ''DOWN/FAR,'' and ''UP/NEAR.'' The visual stimulus was ''congruent'' when the correct behavioral response was the same in both dimensions (e.g., UP/ FAR), and ''incongruent'' when the correct behavioral response was the opposite depending on the color of the fixation point (e.g., UP/NEAR). RF, receptive field. (B) Psychometric function from all recording sessions for each monkey. The proportion of upward choices (median ± 25 th percentile) was plotted as a function of motion strength when the monkey performed direction discrimination (left). The proportion of upward choices was plotted as a function of disparity strength when performing depth discrimination (right) for the strength of each irrelevant stimulus. Negative values on the abscissa indicate coherences and correlations for downward choice stimuli. The red and blue points show the proportion of upward choices on trials when the strength of the irrelevant stimulus dimension was positive or negative, respectively. The smooth curves were fitted using a logistic regression function (Equation 1) that characterizes the irrelevant stimulus dimension effect as a horizontal shift of the psychometric function. Error bars are shifted horizontally for visual clarity.
and b 2 during depth discrimination), b to account for the sensitivity of the irrelevant stimulus dimension (b 2 during direction discrimination and b 1 during depth discrimination), and b 3 to account for interactions. Ideally, if the monkeys switched perfectly between discriminating motion direction and depth, b for the irrelevant stimulus dimension and b 3 should be zero. However, b for the irrelevant stimulus dimension was significantly different from zero (p < 0.05) in 87.9% (109/124) and 92.7% (115/124) of the direction and depth discrimination sessions, respectively; indeed, the majority of values were greater than zero (107/124 and 113/124 for the direction and depth discrimination sessions, respectively). This indicates that choices were affected by the irrelevant stimulus dimension. If monkeys did not switch at all, b for the irrelevant stimulus dimension should have been equal to b for the relevant stimulus dimension. However, b was significantly greater when the stimulus dimension was relevant than when it was irrelevant (p < 0.05) in 96.0% (119/124) and 98.4% (122/124) of the direction and depth discrimination sessions, respectively. Thus, the monkeys were capable of switching between the two dimensions. The interaction term, b 3 , was significantly larger than zero (p < 0.05) in 33.1% (41/124) and 16.1% (20/124) of the direction and depth discrimination sessions, respectively. To further determine whether the monkeys really understood the meaning of the fixation point color, we tested in one monkey whether he could perform the switching paradigm when direction and depth discriminations were conducted separately in blocks of trials ( Figure 2B ) using the same stimulus parameters as those shown in Figure 2A . The monkey performed with approximately the same sensitivity to direction and depth with a much smaller horizontal shift, indicating that he did indeed understand the meaning of the fixation point color since most of the interference occurred only when the tasks were randomly interleaved. We also trained a human subject on this task and found that interference occurs even in humans, albeit to a smaller degree (Figure 2C) . We further analyzed the switch costs on the choices made by the monkeys ( Figure S1 , available online). Overall, the monkeys succeeded in switching between the two dimensions, although not perfectly. In the following analysis, we excluded six sessions where the monkeys did not distinguish between tasks (b for the relevant and irrelevant stimulus dimensions were not different), and one session where the monkey did not perform the relevant task adequately (b for the relevant stimulus dimension was not different from 0).
Sensitivity of MT Neurons Is Not Task Dependent
After confirming that the monkeys switched between motion direction versus stereoscopic depth discrimination tasks, we examined the response of MT neurons during task switching. We investigated whether task switching was accomplished via changes in the sensitivities of the neurons that encode motion direction and/or stereoscopic depth. To determine whether the activity of MT neurons was biased according to task, we obtained data from 117 MT neurons during task switching. If neural switching occurred in or before the MT area, firing activity would vary as a function of which discrimination task the monkey was performing. We found that neuronal sensitivities were nearly identical during both the direction and depth discrimination tasks ( Figure 3A) ; that is, neural activity depended on the visual stimulus and not on the task. We calculated a task index (Equation 2) to evaluate the degree to which neuronal responses were affected by task. The task index was calculated as a contrast measure between the response modulations to motion direction and stereoscopic depth in the relevant and irrelevant tasks. The task index ranged from À0.72 to 0.67 with a median of 0.0028 (not significantly different from zero; sign test, p = 0.95) indicating that, overall, response modulation did not depend on task ( Figure 3B ). Thus, response modulations during each task were virtually identical. (B) Psychometric function in monkey Y when direction and depth discriminations were performed separately in blocks of trials. The stimulus parameters were identical to those shown in (A). The horizontal shift is much smaller when tasks were performed separately in blocks of trials, indicating that most of the horizontal shift observed in (A) is due to an inability to screen out the irrelevant task when tasks were randomly interleaved, and it is therefore difficult to prepare for in advance.
(C) Psychometric function for a human subject. The stimulus parameters were identical to those shown in (A), and direction and depth discrimination trials were randomly interleaved from trial to trial. A horizontal shift was observed, although smaller than that of the monkey shown in (A). This indicates that interference occurs even in humans. The scales are the same as in Figure 1B , expect in (C) where humans reported their choice using manual movements.
Neuron

Dynamic Readout during Task Switching
Additional quantitative evidence shows that neuronal modulation was insufficient to account for behavioral task switching. We computed neurometric functions using ROC analysis (see Experimental Procedures), and fit the data using the same equation used in the psychometric analysis (Equation 3). If MT sensitivities (bs in the logistic regression analysis) to coherence and correlation do not change depending on task, the proportion of preferred decisions by the ideal observer should increase or decrease when the strength of the irrelevant stimulus dimension increases in the preferred or null direction/disparity, respectively. This appears as a large horizontal shift in the neurometric function, and conversely, a large horizontal shift indicates that MT sensitivities did not change depending on task. Figure 4A shows neurometric functions for direction and depth discrimination for an example experiment (psychophysical performance is shown in Figure 2A ). We found a fairly large horizontal shift for both discriminations, further confirming that MT sensitivity did not depend on task demand. We first compared the neuronal to psychophysical thresholds ( Figure 4B ). Median neuronal to psychophysical threshold ratios were 0.90 and 2.05 for direction and depth discrimination, respectively. Although a typical neuron was not as sensitive as the monkey in the depth discrimination task, a handful of neurons were as sensitive, suggesting that neuronal sensitivity in the MT area is sufficient to explain the behavioral sensitivity of the monkeys. It should be noted that the strength of the irrelevant stimulus dimension was not always optimal for the neuron, presumably increasing neuronal thresholds compared to previous studies Uka and DeAngelis, 2003) . To further quantify how well the monkeys or MT neurons switched between direction and depth discrimination, we next calculated switch ratio (SR) using b for direction and depth during performance of the relevant and irrelevant tasks (Equations 4 and 5). If the monkey/neuron could switch perfectly, then SR = 1 was recorded; if the monkey/neuron was completely oblivious to the task demands, then SR = 0 was recorded. The mean (±SD) psychophysical SR was 0.70 ± 0.17, whereas the mean (±SD) neuronal SR was 0.016 ± 0.49 ( Figure 4C ). The data suggest that although the monkey switched successfully between direction and depth discrimination, neural activity in the MT area did not reflect this switch. No correlations were observed between psychophysical SR and task index, indicating that the degree of neuronal modulation did not depended on the monkeys' performance ( Figure S2) . These results clearly demonstrate that neural switching did not occur prior to the MT area, implying that such switching occurs downstream of the MT area. Therefore, we next analyzed the relationship between MT responses and behavioral choice.
Choice Probability
We computed the amount of trial-to-trial covariation in MT responses and behavioral choice to assess the possibility of functional coupling between MT responses and perceptual decisions. Such covariation, often termed choice probability (CP), has previously been observed in the MT area during the performance of isolated direction and depth discrimination tasks (Britten et al., 1996; Uka and DeAngelis, 2004) . However, it is unknown how MT responses and behavioral choice covary when tasks are interleaved. If MT responses contribute to behavioral performance during task switching, trial-to-trial variation in neural responses to identical visual stimuli should be correlated with trial-to-trial variation in behavior. Figure 5 shows the responses, sorted by task and behavioral choice, obtained from a representative neuron. Quantitative tuning measurements showed that this neuron responded strongly to upward motion and far depth ( Figure 5A ). In addition, neuronal responses were higher when the monkey made a choice corresponding to the preferred direction (upward motion) during direction discrimination, and preferred depth (far) during depth discrimination. To confirm this finding, trialto-trial responses during task switching, normalized at each motion coherence and binocular correlation, were divided into two groups according to task, and CPs were calculated for each task from the two response distributions sorted by choice ( Figure 5B ). In the representative neuron, the CP was 0.626 during direction discrimination and 0.606 during depth discrimination, and both were significantly greater than 0.5 (permutation test, p < 0.0001). Thus, neuronal activity covaried with perceptual choice for both tasks. In combining across stimulus conditions, it is important that responses are homogeneous across conditions. Although we accomplished this by normalizing responses at each stimulus condition, combining across stimulus conditions would not be appropriate if CPs differed among them. We therefore analyzed whether CPs depended on stimulus conditions and confirmed that they do not depend on stimulus strength, polarity, and congruency ( Figure 6 ; a panel showing CPs for all stimulus conditions separately is given in Figure S3 ). We further confirmed that small eye movements did not account for the large CPs ( Figure S4 ).
Across 117 MT neurons, median CPs were significantly greater than 0.5 during both direction discrimination (median CP = 0.53; sign test, n = 117, p < 0.0001) and depth discrimination (median CP = 0.57; sign test, n = 117, p < 0.0001). This finding indicates a functional coupling between MT response and behavioral choice when direction discrimination and depth discrimination were randomly interleaved. We further analyzed how CP depended on the type of neuron. Because the majority of MT neurons were selective for both motion direction and binocular disparity, we divided neurons into two groups according to whether the behavioral responses associated with the preferred direction and preferred disparity were congruent or incongruent. Four types of stimuli were used in our task switching paradigm: ''UP/FAR,'' ''DOWN/NEAR,'' ''DOWN/FAR,'' and ''UP/NEAR.'' The correct behavioral response to the first two types was congruent: (i.e., UP and FAR corresponded to an upward saccade for both tasks). The correct response to the remaining two types of stimuli was incongruent (i.e., DOWN and FAR corresponded to a downward saccade for direction discrimination, and to an upward saccade for depth discrimination). When such neurons respond strongly to congruent stimuli, the responses can be used to evoke a unique behavioral response. On the other hand, neurons that respond strongly to incongruent stimuli must be used to evoke a different behavioral response. Therefore, it was necessary to calculate CPs separately for congruent and incongruent neurons (Figures 7A and 7B, respectively) . Note that congruent and incongruent are in terms of the rule that was imposed in our experimental paradigm. If the rule were different (e.g., if NEAR and FAR had corresponded to upward and downward saccades), the labels given to the neurons would have been different. CPs for depth and direction discrimination were similar for congruent neurons. On the other hand, for incongruent neurons, when CP was larger than 0.5 for one task, CP for the other task was close to 0.5, giving rise to an L-shaped pattern. These results indicate that, in incongruent neurons, the relationship between MT responses and behavioral choice changed according to the task that the monkey was performing. This was further confirmed using regression analysis. We found a positive correlation between the two CPs (Spearman's r = 0.42, n = 58, p = 0.0011) for congruent neurons. In contrast, the correlation between the two CPs was negative (Spearman's r = À0.37, n = 59, p = 0.0041) for incongruent neurons. If MT responses covaried with a particular saccadic direction, a negative correlation between the two CPs for incongruent neurons might be expected because the preferred saccade direction reverses according to the task. In this case, neurons with a CP > 0.5 for one task should demonstrate a CP < 0.5 by the same amount for the other task. The pattern of CPs for incongruent neurons, however, appears L-shaped: the dots in Figure 7B lie above the line defined by y = Àx + 1 (Wilcoxon signed-rank test, n = 59, p < 0.0001), indicating that the degree of covariance changed depending on task.
It is possible that the pattern of CPs arises due to interference from the irrelevant stimulus dimension. This is unlikely for two reasons. First, the pattern of CPs still holds even if we calculate CPs using only stimuli with 6% strength of the irrelevant stimulus dimension where interference is minimal ( Figure S5 ). Second, CPs did not change when we only considered recording sessions where psychophysical SR was large: those were cases where interference was small (Figure 8 ). Alternatively, it is possible that the pattern of CPs arises because CPs were calculated using stimuli that were not totally ambiguous. Although we have already shown that CPs do not depend on stimulus strength, we further show that the pattern of CPs still holds even if we calculate CPs using only stimuli with 6% strength of the relevant stimulus dimension where the stimulus is likely ambiguous ( Figure S6 ). The difference in CP patterns between congruent and incongruent neurons also cannot be explained by differences in the pattern of neuronal thresholds or by tuning symmetries ( Figure S7 ). Overall, these results suggest that congruent neurons contribute to both tasks, whereas (B) CPs calculated from responses to stimuli presented at the preferred direction and disparity are plotted against those presented at the null direction and disparity separately for congruent and incongruent neurons. Responses were z-scored at each coherence/correlation level and combined across stimulus conditions. Coherence/correlation levels at which the monkey made choices to one target more than 75% of the time were excluded from the analysis. CPs during direction (magenta) and depth (cyan) discrimination were calculated separately. There was a positive correlation between CPs for preferred and null stimuli in both congruent (Spearman's r = 0. 
Time Course of CPs
Because neural switching should occur after presentation of the fixation point, the temporal dynamics of choice-related response modulation within a trial may provide insight into when and how the switch occurs. Therefore, we next addressed how the time course of MT activity was related to behavioral choice. Toward this end, CPs were calculated within a 100 ms sliding window that shifted in increments of 20 ms. Figures 7C and 7D show the time course of CPs for our sample of 117 neurons. We first calculated the CPs for congruent and incongruent neurons separately. The CPs for congruent neurons were close to 0.5 at the beginning of the trial, and then gradually increased after stimulus onset until reaching a plateau at approximately 200-300 ms after stimulus onset in both discrimination tasks. These findings resemble those observed when direction and depth discriminations were conducted in isolation (Britten et al., 1996; Uka and DeAngelis, 2004) . As shown in Figure 7B , CPs for incongruent neurons depended on task. We therefore focused on 35 incongruent neurons with CPs higher than 0.5 for one of the two tasks (permutation test, p < 0.05). The task with the higher CP was designated as the preferred task, and the other as the null task. CPs for the preferred task rose early in the trial period and reached a plateau approximately 200 ms after stimulus onset. During the null task, CPs initially hovered around 0.5, with a small dip near stimulus onset. Surprisingly, CPs dropped below 0.5 approximately 250 ms after stimulus onset, reaching a trough of 0.46 near stimulus offset. This drop indicates that responses near the end of visual stimulation during performance of the null task were negatively correlated with the behavioral choices predicted from the tuning of the relevant stimulus dimension. This in turn indicates that responses were positively correlated with behavioral choices predicted from the tuning of the irrelevant stimulus dimension. Presumably, this finding is reflected by the observation that behavioral choices were affected by the irrelevant stimulus dimension ( Figure 1B ).
DISCUSSION
Using a task switching paradigm requiring the execution of different actions in response to the same stimulus, we tested whether the responses of MT neurons or the interpretation of MT responses changed according to whether the monkey performed a direction or depth discrimination task. We found that neuronal sensitivity did not change according to task, suggesting that inputs to the MT area, feedforward and feedback, were not directly responsible for task switching. We also investigated the amount of trial-to-trial covariation in MT responses and behavioral choice (CP) and found that neurons preferring sensory signals linked to the same behavioral responses (congruent neurons) demonstrated trial-to-trial covariation between MT activity and behavioral choice for both tasks. It is conceivable that congruent neurons are involved in only one of the two tasks, and that incomplete switching of the monkeys between tasks gives rise to large CPs in both tasks. We believe this is unlikely because the pattern of CPs is different between congruent and incongruent neurons. Furthermore, CPs arose faster during the depth discrimination task compared to the direction discrimination task ( Figure 7C ), although this is a very small difference. We also found that neurons preferring sensory signals linked to opposite behavioral responses demonstrated CPs depending on task. We therefore suggest that task switching is accomplished via the communication of distinct populations of MT neurons into a downstream decision system.
Comparison with Other Studies
Many studies have reported that areas in the prefrontal and parietal cortices are related to behavioral switching. Some studies have observed rule-selective neural activity (Mansouri et al., 2006; Stoet and Snyder, 2004; Wallis et al., 2001; Wallis and Miller, 2003) , while others have reported task-dependent neuronal modulation (Asaad et al., 2000; Lauwereyns et al., 2001; Sakagami et al., 2001; White and Wise, 1999) . Lesion and inactivation studies have also demonstrated impairment in task switching (Dias et al., 1996; Kennerley et al., 2006; Rushworth et al., 2003; Shima and Tanji, 1998) . Although these previous studies indicated that the prefrontal and parietal cortices may be important for task maintenance and top-down control of task switching (Johnston et al., 2007) , they did not address the question of where and how sensory motor associations are switched.
Several groups have suggested that flexible sensorimotor mapping can be conceptualized in terms of the plasticity characterizing the synapses involved in sensorimotor transformation (Fusi et al., 2007; Isoda and Hikosaka, 2007; Mansouri et al., 2006) . This hypothesis may hold true for cases in which the tasks are interleaved in blocks of trials. However, in situations in which the demand for a switch is more dynamic, such as our trial-totrial task switching paradigm, it is unlikely that behavioral switching is accomplished by synaptic plasticity, which is generally a slow and gradual process. Thus, it is important to determine how sensorimotor associations switch quickly from trial to trial. Trial-by-trial changes in the sensitivity of sensory representation according to task represent one possible avenue for rapidly switching sensorimotor associations. Such feature attention effects (Treue and Martinez Trujillo, 1999) require that the neuronal activity in sensory cortices change when the task rule is switched. Indeed, several studies have shown that neuronal activity in the visual cortices changes when the task rule is switched (Koida and Komatsu, 2007; Mirabella et al., 2007) . Koida and Komatsu (2007) found that 82% of IT neurons changed responses depending on task, whereas Mirabella et al. (2007) found that 50% of the neurons in V4 modulated their responses. However, we found a smaller population of MT neurons with task-dependent responses (17.7%, three-way ANOVA, p < 0.01; 35.5%, three-way ANOVA, p < 0.05). This discrepancy may be explained by differences in study design; in the previous two studies, monkeys were allotted sufficient amounts of time to prepare for performing the task because different tasks were interleaved in blocks of trials. In contrast, our subjects did not know which task they would perform until the appearance of the fixation point. Furthermore, in the IT study, there were critical differences between the tasks: decisions could be formed during the sample period in the categorization task, but only after a test stimulus was presented in the discrimination task. Thus, we believe that a change in neuronal sensitivity alone cannot account for behavioral switching in our task. Instead, we propose that task switching was accomplished by altering the associations between the neural representation of the visual stimulus in the MT area and a representation of the oculomotor response downstream from the MT area.
Neural Mechanisms Underlying Behavioral Switching
Previous studies have suggested that the same population of sensory neurons can be used by downstream neurons to contribute to different behavioral responses (Freedman et al., 2001; Hung et al., 2005) . We suspect that this is not entirely true, at least in cases in which a switch must occur very quickly.
We found that CPs for incongruent neurons were large in only one of the two tasks, supporting the notion that each incongruent neuron contributed only to either direction or depth discrimination. We did not find any incongruent neuron that had CPs > 0.5 for both tasks; this would be expected if a given neuron contributed to the generation of different behavioral responses. These results imply that the output of a neuron cannot switch within a short timescale. Rather, we suggest that separate populations of incongruent neurons with similar tuning were recruited by downstream neurons for different tasks. The task for which the neuron was recruited seems to derive from basic tuning properties. The difference in tuning symmetry and the ratio of neuronal thresholds for the two tasks were correlated with the difference in CPs between the two tasks for incongruent neurons ( Figure S8 ). This shows that the features with stronger tuning and tuning aligned to the axis of the saccade targets are the ones that showed greater CPs.
How are different populations of neurons interpreted on a trialby-trial basis? The outputs of MT neurons are thought to be integrated in the lateral intraparietal area (LIP), at least with respect to direction discrimination (Mazurek et al., 2003) . Assuming that the LIP (or any other area) integrates information about motion and depth separately, different populations of MT neurons can provide different messages if each population provides input to only one of the two integrators. In such cases, the LIP can flexibly integrate information from the MT area in at least two ways, depending on the task. One approach would involve decreasing the weights of inputs transmitted to the integrator of the irrelevant task. Alternatively, integrated information for the irrelevant task could be discarded or leaked (Usher and McClelland, 2001 ). The time course of CPs provides some insight into this issue. Indeed, we observed that CPs dropped below 0.5 approximately 250 ms after stimulus onset in incongruent neurons, reaching a trough near stimulus offset for the null task. This late drop in CP shows that the responses of incongruent neurons near the offset of the stimulus affected choices in the irrelevant task, which appears to be consistent with the leaky integrator hypothesis. If integrated information for the irrelevant task leaks over time, the contributions of spikes occurring early in the trials on choices would be small compared to those occurring later in the trials. On the other hand, if the weights of inputs to the integrator that are related to the irrelevant task decreased over time, we would expect CPs to drop early in the trial when spikes were still being integrated. An incomplete leak may cause interference between the two tasks, resulting in a bias in performance. Thus, we propose that the brain initially integrates sensory signals for both tasks, and then gradually discards unnecessary information. We speculate that task switching was accomplished by perfectly integrating the sensory evidence for the appropriate integrator and by leaking evidence for the irrelevant integrator.
In summary, we found that task switching could be accomplished by reading out different populations of sensory signals, presumably because single neurons cannot switch outputs in a short period of time. We hypothesize that the brain realizes behavioral flexibility by preparing separate pathways for each task through learning, and then choosing the appropriate pathway, rather than switching outputs, in a given trial. The manner in which this is accomplished at the neural circuit level is of significant interest for future studies. Our results impose a biological constraint for behavioral flexibility in that information from single neurons cannot be interpreted differently on a short timescale, which is important in the understanding of normal cognition and psychiatric disorders.
EXPERIMENTAL PROCEDURES General
Two Japanese monkeys (Macaca fuscata), G and Y, participated in this study. Animal care and experimental procedures were approved by the Juntendo University Animal Care and Use Committee, and were in accordance with NIH guidelines. During experimental sessions, the monkey was seated in a monkey chair in front of a 22 inch CRT color monitor (Iiyama, HM204DA) placed 57 cm in front of the eyes of the monkey, with the head in a fixed position. The positions of both eyes in 76 experiments and of one eye in 41 experiments were monitored using a search coil system (Enzanshi Kogyo) and stored at 250 Hz. A water reward was delivered through a spigot under the control of a solenoid valve (Crist Instrument).
Visual Stimulus
The display subtended a visual angle of 40 3 30 with a resolution of 1280 3 1024 pixels, and was refreshed at 100 Hz. Visual stimuli were generated using a dual-CPU workstation running Windows XP. Random-dot stimuli (RDS) were programmed in Microsoft Visual C++ using OpenGL libraries, and were displayed by an OpenGL accelerator board (NVidia, Quadro4 980 XGL). Dot density was 64 dots per square degree per second, with each dot subtending $0.1 . Disparities and smooth motion were achieved by plotting dots with subpixel resolution using the hardware antialiasing capabilities of the OpenGL accelerator board. Stereoscopic images were displayed by presenting the left and right halfimages alternately at a refresh rate of 100 Hz. The monkeys viewed the display through a pair of ferroelectric shutters (DisplayTech) synchronized to the video refresh such that one shutter was closed while the other was open. To minimize ghosting effects (stereo cross talk was < 3%), the RDS consisted of red dots presented on a black background.
Behavioral Tasks
The monkeys were initially trained to perform the direction and depth discrimination tasks separately. All trials started with the presentation of a fixation point at the center of the monitor to attract the focus of the monkey. After the monkey fixated for 300 ms, the stimulus appeared on the monitor for 500 ms. The task was aborted if the conjugate eye position deviated from within 1 of the fixation point. In the direction discrimination task, the monkeys indicated whether the dots moved up or down; in the depth discrimination task, the monkeys indicated whether the dots were farther or nearer than the plane of fixation by making a saccade to one of two targets (located 5 above and below the fixation point, respectively) appearing immediately after the offset of the RDS. The motion signal was titrated by manipulating the percentage of coherently moving dots, whereas the disparity signal was titrated by manipulating the percentage of binocularly correlated dots in the RDS. Coherently moving dots moved in one of two directions (one upward and one downward), and the remaining dots were randomly replotted every four frames. Correlated dots were assigned one of two fixed disparities (one crossed, one uncrossed) during each trial, and the remaining dots were assigned random disparities ranging from À2 to 2 . The fixation point and the visual stimulus were turned off at the time that the two saccade targets appeared, and the monkeys were required to make a saccade within 1 s after the appearance of the two saccade targets and to stay within 2.5 of the correct target for 100 ms. Correct responses were rewarded with a drop of water or juice. Tasks and data acquisition were controlled by TEMPO software (Reflective Computing). After the monkeys were trained in each discrimination task, they were trained to switch between tasks (Figure 1) . In each trial, the color of the fixation point (magenta or cyan) indicated whether the monkey should discriminate direction or depth, respectively. The two colors were randomly interleaved from trial to trial, and remained the same until the fixation point was turned off. In this switch task, the visual stimulus was congruent when the correct behavioral response was the same in both dimensions (e.g., UP/FAR), and incongruent when the correct behavioral response was the opposite depending on the color of the fixation point (e.g., UP/NEAR). Motion coherence and binocular correlation were varied independently from trial to trial.
Electrophysiological Recordings
Recordings were made in the MT area using tungsten microelectrodes (impedance, 0.2-2 MU at 1 kHz) that were advanced into the cortex through a transdural guide tube. Single units were isolated using a conventional amplifier, band-pass filter (500-6000 Hz), and window discriminator (BAK Electronics). Spike times and behavioral event markers were stored to disk with 1 ms resolution.
The MT area was recognized based on our experience interpreting patterns emanating from gray and white matter regions during electrode penetration, and based on physiological response properties (direction, speed, horizontal disparity, receptive field location and size) of single neurons (DeAngelis and .
Experimental Protocol
After isolating an MT neuron, we mapped its receptive field and quantitatively measured its direction, speed, horizontal disparity, and size tuning (DeAngelis and . Properties of the visual stimulus were matched to the preference of the neuron under study.
After these tests, we recorded neuronal activity during task switching. The two motion directions and two binocular disparities were determined from the peak and trough of the direction and disparity tuning curves, respectively. The two saccade targets were always above or below the fixation point, regardless of the preference of the neuron. No neuron was rejected on the basis of tuning preferences. The directions used for direction discrimination were at least 10 from horizontal and the disparities used for depth discrimination were at least 0.1 from zero disparity. Motion coherence and binocular correlation typically varied among 6%, 12%, 24%, and 48%. Therefore, a total of two directions, two disparities, four motion coherences, and four binocular correlations were used for each of the two tasks, yielding 128 combined stimulus-task conditions. The task, motion direction, binocular disparity, motion coherence, and binocular correlation were pseudorandomly interleaved from trial to trial. Whenever possible, data were collected for 20 repetitions of each unique stimulus condition, and data sets were discarded if isolation was not maintained for at least five repetitions. Across the range of accepted data sets, the average number of repetitions was 13 ± 5 (mean ± SD), and the average number of total trials was 1682 ± 669.
Data Analysis
Behavioral choice data ( Figures 1B and 2A) were analyzed separately for direction and depth discrimination using logistic regression, in which the probability of an upward choice is given by:
where Coh and Corr are motion coherence and binocular correlation using the convention that positive and negative values denote upward and downward motion and far and near depth, respectively. The interaction term b 3 allows the slope of the sigmoid functions to differ depending on the strength of the irrelevant stimulus dimension. We assumed that the strength and not the sign of the irrelevant stimulus dimension affected the slope, and therefore used the absolute correlation value during direction discrimination, and the absolute coherence value during depth discrimination. MT responses in each trial were calculated as the spike rates occurring from 80 ms after stimulus onset to 80 ms after stimulus offset. To evaluate the degree to which the responses of the neurons were affected by task, we calculated a task index for each stimulus dimension as follows:
where R relevant and R irrelevant denote the response modulation during the relevant and irrelevant tasks, respectively. Direction modulation was defined as the difference between the response to 48% coherence stimuli moving in the preferred and null direction at 48% correlation. Depth modulation was defined as the difference between the response to 48% correlation stimuli at the preferred and null disparity at 48% coherence.
To calculate neuronal sensitivity, we computed neurometric functions using ROC analysis. For each motion coherence and binocular correlation condition, we calculated ROC values by comparing two signals, one from the neuron under study and the other from a hypothetical antineuron. We defined an antineuron as a neuron whose preferred and null stimulus parameters for both direction and disparity were reversed. For comparison with the psychophysical data, the eight curves were fit using the same equation used in the psychometric analysis, in which the probability of a preferred choice is given by:
where Coh and Corr are motion coherence and binocular correlation using the convention that positive and negative values denote motion and depth in the preferred and null direction, and disparity of the recorded neurons, respectively. For the interaction term, we used the absolute correlation value during direction discrimination, and the absolute coherence value during depth discrimination, as in the psychophysical analysis.
To quantify how well the monkeys or MT neurons switched between direction and depth discrimination, we calculated an SR. SRs were measured from the sensitivities for direction and depth during performance of the relevant and irrelevant tasks as follows: 
where b direction and b depth represented sensitivities during the direction and depth discrimination tasks, respectively. To assess functional coupling between MT responses and perceptual decisions, we computed the trial-to-trial covariation of MT responses and behavioral choice (CP). At each motion coherence and binocular correlation level, the responses of the MT neuron were first z-scored, combined across coherences and correlations, and then sorted into two distributions based on the choices made by the monkeys at the end of each trial (preferred choices versus null choices) with regard to the direction and depth discrimination tasks, considered separately. Trials from motion coherence/binocular correlation levels in which the monkeys preferred one target more than 75% of the time were excluded. CPs were calculated from the two distributions using ROC analysis (Uka and DeAngelis, 2004) .
To calculate the time course of CPs, responses during each trial were first divided into 100 ms bins that shifted in increments of 20 ms. Responses were then z-scored at each bin for each motion coherence/binocular correlation condition and sorted by choice. Z-scored responses were then combined across neurons, and CPs were calculated from those distributions. Standard deviations were measured by calculating 10,000 bootstrap CPs by resampling with replacement of the z-scored responses combined across neurons in each time bin. All statistical analyses were performed using MATLAB software (MathWorks).
SUPPLEMENTAL DATA
The supplemental data for this article include eight figures and can be found at http://www.neuron.org/supplemental/S0896-6273(09)00164-0.
